We have previously reported that injection of ryanodine receptor agonists into mature bovine oocytes induces intracellular calcium release, indicative of the existence of ryanodine receptors. In this experiment, further evidence of the ryanodine receptor localization, and developmental regulation in bovine oocytes is presented. The possible physiological significance is also suggested. Using a rabbit antibody against the rabbit cardiac muscle ryanodine receptor, the ryanodine receptor was observed uniformly localized in the periphery of mature bovine oocytes, while a weak and discontinuous signal was observed in the germinal vesicle intact stage of bovine oocytes. As oocytes progress to the metaphase I stage, the ryanodine receptor localization became more intense and continuous, yet not comparable to that observed in the metaphase II oocytes. These modifications correlate with the intracellular calcium responsiveness to ryanodine. 
INTRODUCTION
Intracellular calcium changes (transients and oscillations) at fertilization are pivotal to oocyte activation and subsequent development [1, 2] . Within intracellular calcium [Ca2+]i channels, at least three isoforms of both ryanodine receptors (RyR) and inositol 1,4,5-trisphosphate (IP3) receptors (IP3R) have been identified, and the existence of both receptors and different isoforms have been observed in excitable and nonexcitable cells [3] [4] [5] [6] [7] [8] [9] . The physiological significance of RyR and IP3R at fertilization is also being examined. However, available information is mainly derived from studies on sea urchin, Xenopus, hamster, and mouse oocytes. The concept that both Accepted October 1 7, 1997 . Received July 9, 1997. 'This research was supported in part by USDA-NRI grant 9503057 and is published as Utah Agricultural Experiment Station journal article no. 6075.
'Correspondence: Kenneth L. White, 254 Ag. Sci. Bldg., Utah State University, Logan, UT 84322-4815. FAX: (801) 797-2118; e-mail: kwhite@cc.usu.edu receptors are responsible for calcium changes associated with fertilization in sea urchin oocytes has been firmly established [5, 7] . In contrast, no RyRs have been detected using either type I or II RyR-specific antibodies in Xenopus or hamster oocytes. Additionally, RyR agonists have failed to induce changes in intracellular calcium in Xenopus and hamster oocytes [10, 11] . Introduction of heparin into Xenopus oocytes [12] or injection of an anti-IP3R monoclonal antibody into hamster oocytes [11] completely inhibited fertilization-associated calcium changes, indicating only IP3Rs exist and function in the oocytes of these species. Conflicting results have been obtained from pharmacological studies using mouse oocytes [13] [14] [15] , yet a 520-kDa protein was immunoprecipitated by an antibody that recognizes both type II and type II RyRs, and the protein was localized to the cortical layer in both germinal vesicle-intact and metaphase (M) II oocytes. However, the physiological significance of this RyR receptor was not identified. Activation of the RyR did not result in cell cycle resumption [8] ; blocking the IP3 receptor inhibited all aspects of fertilization [16] , indicating the sole contribution of IP3R in activation of mouse oocytes.
Studies on other mammalian species have been limited; however, several recent studies have focused on bovine oocytes. Sun et al. [17] reported that preinjection of the IP3R antagonist heparin into bovine oocytes did not inhibit characteristic calcium changes following subsequent fertilization. In addition, Nakada et al. [18] reported that preinjection of a monoclonal antibody directed against the mouse brain IP3R failed to inhibit fertilization-induced calcium oscillations in two-thirds of fertilized bovine oocytes examined. However, Fissore et al. [19] reported injection of heparin into fertilized oocytes with oscillating [Ca 2 +]i concentrations inhibited these oscillations as well as sperm aster formation. Our lab has previously reported [20] that a calcium releasing receptor different from the IP3R is responsive to RyR agonists and antagonists in bovine oocytes, and this RyR is potentially different from that reported in sea urchin eggs. Knowledge of the molecular properties of this RyR is crucial for further understanding the calcium-releasing mechanism in oocytes not only in the bovine, but also in other mammalian species. Therefore, the present study was carried out to 1) detect and localize the RyR in bovine oocytes, 2) evaluate any possible changes relative to the maturation status of the oocytes, and 3) provide information relative to the possible roles of the RyR at fertilization.
MATERIALS AND METHODS

Preparation of Different Stages of Oocytes
Cumulus-free, mature bovine oocytes were obtained as described elsewhere [20] . To obtain 0 h immature oocytes, the meiosis arresting reagent 6-dimethylaminopurine [21] was added to TL-HEPES medium [22] in aspiration tubes and culture drops to a final concentration of 3.33 g/100 ml.
A random group of oocytes was also examined at 12 h postinitiation of maturation (hpm). In vitro fertilization was performed according to the protocol used in our laboratory [23] . Fertilized oocytes were collected 6 h postinsemination, and cumulus-free mature oocytes, 24 hpm, were activated by microinjection of 200 jiM (intracellular concentrations) ryanodine solution, 1% oocyte volume of the VM (PBS without Ca 2+ or Mg 2+ containing 100 pxM EGTA) or by incubation for 5 min with 10 !xM ionomycin in M2 medium [24] . Following chemical activation, oocytes were incubated for an additional 1 h in TL-HEPES at 37 0 C and then processed for immunocytochemistry.
Primary Antibodies and Controls
Rabbit anti-cardiac RyR-phosphorylation site antibody [25] and guinea pig anti-skeletal muscle RyR antibody were generously provided by Dr. Kevin Campbell, University of Iowa. Crude canine cardiac muscle sarcoplasmic reticulum (SR) membrane fraction containing RyR was kindly provided by Dr. Gerhard Meissner, University of North Carolina. Samples incubated with normal serum from the same specie as the first antibodies were used as the negative controls in the experiment.
Immunohistochemistry
Zonae pellucidae were removed from five stages of cumulus-free bovine oocytes (germinal vesicle [GV] intact, M I, M II, activated, and fertilized) by briefly incubating in acidic TL-HEPES (pH 2.5). Zona-free oocytes were washed in three drops of 0.1% BSA (fraction V; Life Technologies, Gaithersburg, MD) in PBS and fixed in 4% paraformaldehyde containing 0.1% Triton X-100 for 30 min at 4°C. Nonspecific binding sites were blocked with blocking solution (20% normal goat serum, 0.1% BSA, and 0.1% Triton X-100 in PBS) for 1 h at room temperature (18-23°C). Oocytes were then incubated overnight (15-16 h) at 4°C or 30 min at 37°C with 100-,al rabbit anti-cardiac muscle RyR antibody diluted 1:150 in blocking solution. Samples incubated with preimmune rabbit serum (1:150) were used as negative controls. The specificity of the rabbit antibody was determined by incubating oocytes at 37C for 30 min with antibody solution preimmunodepleted at 4 0 C overnight with crude cardiac muscle SR membrane fraction-coated (2.0 mg protein) nitrocellulose membrane (Intermountain Scientific Corp., Kaysville, UT). After washing 4 x 20 min in wash solution (3% BSA), oocytes were incubated with biotin-labeled goat anti-rabbit IgG antibody (1:200; Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD), FITC, or Texas Red conjugated streptavidin (0.8 jig/ml or 3.6 g/ml respectively; Pierce, Rockford, IL) and then biotin (10 IM; Pierce), each for 30 min at 37C, with washing after each incubation at room temperature. The final biotin incubation was designed to saturate the binding sites on the strepavidin and enhance the signal. Guinea pig anti-skeletal muscle RyR polyclonal antibody (1:100 dilution in blocking solution) was also tested for reactivity with bovine oocytes, and FITC-labeled goat anti-guinea pig IgG secondary antibody (1:100 in blocking solution; Organon Teknika Corp., Rockville, MD) was used to reveal staining signal using a similar procedure as for the rabbit antibody. DNA was stained with 10 g/ml DAPI (4',6-diamidino-2-phenylindole) in the last biotin incubation step. After the last wash, oocytes were mounted in a coverslip-built chamber in PBS antifade fluorescence mounting solution (Molecular Probes, Inc., Eugene, OR), examined with a laser scanning confocal microscope (Bio-Rad Laboratories, Inc., Hercules, CA) equipped with x20 fluorescence objective that has a zoom section of 6.8 im, and the digital images were recorded and processed. The status of nuclei were examined using a Zeiss microscope with x40 objective, and the images were processed with Microtome computer software (VayTec, Inc., Fairfield, IA).
Microinjection, and Intracellular Calcium Measurement
Microinjection and intracellular calcium concentration measurement were carried out as previously described [20] . IP3 (Molecular Probes Inc.), ryanodine (Calbiochem, San Diego, CA), or ionomycin (Sigma, St. Louis, MO) were dissolved in the vehicle medium (VM). Approximately 1% of the oocyte volume of IP3, ryanodine, or VM solutions were injected in each oocyte while it was held in M2 medium. Ionomycin was added to M2 medium to a final concentration of 10 IM. The relative Fura-2 fluorescence ratio increase was defined as the difference between the peak and baseline values. The calcium profiles activated with the same agonist were similar; therefore, for operating convenience and comparison of the calcium changes induced by the same agonist, the duration of the peak was calculated as the time period when intracellular calcium exceeded half the peak values. All the intracellular calcium measurements were completed within 3 h after the initiation of Fura-2 dye loading.
Activation Assay
For evaluation of activation, mature oocytes with the first polar body extruded were injected with 200 IM ryanodine, 250 nM IP3, or 1% of oocyte volume of the VM in TL-HEPES containing 25 mg/ml sucrose to increase the oocyte survival rate after injection. Efforts were made to arrange the oocytes with the polar body in a 6-or 12-h clock position to avoid possible damage to the M II plate. After injection, oocytes were cultured in medium M-199 containing 10% fetal bovine serum (FBS; HyClone Laboratory, Inc., Logan, UT), 100 IU/ml penicillin G, 100 ig/ml streptomycin, 0.25 mM sodium-pyruvate, and 5 .g/ml cytochalasin B at 37C in 5% CO 2 and air. Cytochalasin was added to prevent the extrusion of second polar body [26] . After 3 h, the oocytes were evaluated, selected, and transferred to culture medium without cytochalasin B. Those that did not recover or had abnormal cytoplasmic structure after 3 h in culture were dropped from the study. The oocytes were stained with 5 g/ml Hoechst 33342 for 10 min in darkness 16 h after injection, and pronuclear (PN) formation rates were recorded. The cleavage rates were assessed 48 h after injection.
Data were analyzed first by one-way ANOVA, and whenever significant differences were identified among the treatments, multiple means comparisons were carried out using the least-significant difference procedure at 5% level of significance. The chi-square test for independence followed by Z-tests for proportions were used to analyze all activation data.
RESULTS
Localization of RyR in Mature Oocytes
To investigate the role of the RyR in activation and fertilization, its distribution pattern was evaluated using immunocytochemistry in mature oocytes. Among the two anti-RyR antibodies evaluated, only the rabbit antibody directed against the cardiac muscle RyR (type II) was found to bind to components of bovine oocytes, and this antibody was used throughout the experiment. Using laser scanning confocal microscopy, this antibody detected RyR uniformly in the cortical layer of mature bovine oocytes (Fig. 1A) , and no decrease in signal intensity was observed in the area corresponding to the M II plate (Fig. 2, E and F) . The specificity of this antibody was confirmed with the immunodepleted antibody solution (Fig. 1C) . Decreased signal was observed when the antibody was first preabsorbed with crude cardiac muscle SR membrane fraction coated on a nitrocellulose membrane overnight at 4°C, while preincubation of the antibody solution with the same amount of BSA-coated nitrocellulose membrane resulted in no change in the signal ( Fig. D; the reactivity of the antibody with crude cardiac muscle SR membrane had previously been proven by Western blot; data not shown). Furthermore, no signal was detected when normal rabbit serum was substituted for the first antibody (Fig. B) . Therefore, these data indicate a type II RyR is present in mature bovine oocytes.
Developmental Regulation of the RyR
Different staining patterns of the RyRs in immature or mature oocytes have been reported in both sea urchin and mouse; therefore, we further examined the distribution patterns in bovine oocytes at different stages of maturation. At 0 h after the initiation of maturation, oocytes were blocked at the GV-intact stage by incubating in 6-dimethylamino purine (6-DMAP) solution. Under our maturation conditions, most oocytes reached the M I stage at 12 hpm and reached M II stage at 24 hpm. The nuclear status of oocytes was confirmed with DAPI staining (Fig. 2, B, D, F, and H) . Staining of RyR revealed that an extremely small amount of the RyR was present in GV-intact oocytes and that the signal was discontinuous along the cortical layer ( Fig. 2A) . As oocytes progressed to M I, the signal became more uniform (Fig. 2C) , and its intensity increased as compared to GV-intact oocytes but was still less than the signal observed in 24-h mature oocytes (Fig. 2E) . It should be noted that similar changes of RyR at different stages of maturation were observed in sea urchin oocytes but not in mouse oocytes [8, 27] .
Sperm induces calcium release from intracellular stores at fertilization [11, 28, 29] . If the RyR is involved in [Ca 2 +]i release upon fertilization, an extensive rearrangement of the RyR should be expected. As shown in Figure 2G , fertilized oocytes completely lost the staining pattern observed in mature oocytes and the intensity of the signal for RyR significantly decreased to an almost undetectable level.
Intracellular Calcium Release at Different Maturation Stages
To better understand the functional importance of the RyR, 200 IxM ryanodine was injected into oocytes at different maturation stages. Its ability to induce intracellular calcium release was evaluated and compared to the effects of injecting 250 nM IP3 or incubating with 10 RM iono- mycin. Corresponding to immunocytochemistry data, significant differences in both the height and duration of the calcium-release peak were observed at different maturation stages when the oocytes were injected with equal amounts of ryanodine. Only a slight increase in [Ca 2 +]i of short duration was induced by 200 !pM ryanodine in GV intact oocytes (Fig. 3, A and B) , while significantly higher levels of calcium (p < 0.05) with long durations (p < 0.05) were released in mature oocytes. The average calcium response for 12 hpm oocytes without separation into two categories was 1.50 _ 0.29 (peak) and 122. 3 29.3 (duration). Oocytes matured for 12 h can be grouped into two categories according to the amount of calcium being released. This observation was obvious for this group after evaluation of the data. Half of the oocytes in the 12 hpm group had a calcium response similar (0. 29 (Fig. 3, C-F) . The longer duration of M I oocytes injected with ryanodine or IP3 may indicate a lack in the efficiency of the calcium pump. The results also indicate that the IP3 receptor is constitutively active throughout the maturation stage, and intracellular calcium pools responsive to ionomycin remain constant.
Rearrangement of the RyR after Activation
Injection of 200 p.M ryanodine or incubation with 10 ILM ionomycin induced intracellular calcium release (Fig.  4, D and E) and significantly altered the ryanodine receptor signal intensity to a level similar to that at fertilization (Fig.  4, A and B) . Injecting bovine oocytes with the VM alone had no effect on the intracellular calcium level (Fig. 4F) and RyR staining pattern (Fig. 4C) . Because ionomycin nonspecifically induces release of calcium from intracellular stores, it is conceivable that the RyR would be unaffected by incubation with ionomycin. Therefore, the loss of the RyR signal in oocytes treated with ionomycin supports the hypothesis that RyR is closely associated with the cortical granules (CGs). Intracellular calcium elevation induced by ionomycin results in the release of CGs [27] and alters the RyR staining pattern.
Ryanodine Induces Pronuclear (PN) Formation and Cleavage
As clearly shown, injection of 200 ,uM ryanodine or 250 nM IP3 induces intracellular calcium release in oocytes maintained in calcium and magnesium-free M2 medium. No changes in the calcium release profiles were observed when injections were carried out in TL-HEPES containing calcium and magnesium (data not shown). Therefore, injection of oocytes for evaluation of activation was carried out in standard TL-HEPES (containing calcium and magnesium) to mimic the activation conditions during in vitro fertilization. The effects of ryanodine and IP3 on PN formation and cleavage were examined, and results are presented in Table 1 . Injection of ryanodine results in a 60% PN formation and 54% cleavage rate, which is comparable to that induced by IP3 (52% and 51%, respectively), while injection of VM only resulted in 4% PN formation and 5% cleavage rates. No attempts were made to determine if injection of ryanodine can also result in the initiation of other early events of activation (CGs release, ZP conversion, and H1 kinase decline); however, our observations indicate that oocytes not only possess functional RyR, but stimulation of this receptor alone is sufficient to activate mature bovine oocytes.
DISCUSSION
The results of these experiments indicate that a type II RyR is uniformly localized to the cortical layer in mature bovine oocytes, and its appearance is closely regulated during maturation and at fertilization. Its change during maturation is correlated with the increasing ability to induce intracellular calcium release following injection of 200 ,uM ryanodine. In contrast, the IP3R is constitutively active throughout maturation, and no significant change in intracellular calcium stores occurs. Furthermore, RyR stimulation results in pronuclear formation and cell cleavage at rates comparable to IP3R stimulation. It appears that the RyR may play an important role in bovine oocyte activation.
Symmetrical Localization of the RyR in Mature Bovine Oocytes
Rabbit antibody against the type II RyR intensely stained the cortical layer in M II-stage bovine oocytes, and the signal was symmetrically distributed with no significant de-crease of signal intensity detected in the area corresponding to the M II plate (Fig. 2, E and F) . This observation is in full agreement with data using sea urchin oocytes [27] but is different from data using mouse oocytes [8] , in which case the RyR signal is absent in the area adjacent to the M II plate. The absence of RyR signal is related to the development of a CG-free area near the M II plate during mouse oocyte maturation. Although we did not demonstrate the relationship between the RyR and CGs in bovine oocytes as previously shown in sea urchin oocytes [27] , the fact that ionomycin altered the RyR staining pattern supports this hypothesis. It should be noted that unlike in mouse and hamster oocytes, the CGs in mature ovine and bovine oocytes are distributed throughout the cortical layer, and no CG-free domains were ever observed by Cran et al. [30] or Long et al. [31] . The uniform submembrane distribution of the RyR signal may indicate a close association between CGS and RyR.
Unlike the RyR in sea urchin oocytes, the RyR in bovine oocytes is more likely the type II RyR, which is further supported by the lack of binding of the guinea pig polyclonal antibody against the type I RyR with mature bovine oocytes. This confirms our predication that the RyR in bovine oocytes may be different from that in sea urchin oocytes as reported in previous studies [20] . Yet we can not exclude the possibility of type III RyR. It should also be noted that both type II and III RyR transcripts were detected in mouse oocytes using reverse transcription-polymerase chain reaction [8] , and more evidence points to the coexpression of different types of RyR in cells [9, 32] .
Regulation of the RyR during Maturation: Increased Signal Intensity and Calcium Release Ability
Results of immunocytochemistry reveal that bovine oocytes gradually increase in immunoreactive RyR, from a low discontinuous signal in GV intact oocytes to a more uniform and stronger signal in M I oocytes and eventually to a characteristic staining pattern at M II. The RyR was also present in only 30% of the sea urchin immature oocytes at low levels [27] , and conceivably a dramatic increase in RyR occurs during the maturation process. Concomitant with the change in RyR signal, a significant increase in the ability of ryanodine to induce calcium release occurs as the bovine oocytes mature (Fig. 3, A and B) . Although it is possible that posttranslational modification or rearrangement of the RyR may occur and render the RyR more reactive in the late stage of maturation as in the mouse [8] , it is more likely that stage-specific expression of the RyR may occur in bovine oocytes. In addition, the correlation between the RyR and calcium release induced by ryanodine strongly argues for the specificity of the antibody to the RyR throughout maturation.
In contrast to results in the mouse [33] , the amount of calcium released by IP3 at different stages was not significantly different in our study using bovine oocytes, yet the calcium peaks had significantly longer durations at 12 hpm than at 0 hpm or 24 hpm, and its importance is not clear. However, considering that IP3 is able to induce calcium oscillations, perhaps the importance of IP3R is its inherent ability to produce these oscillations. The active IP3R may have a role in GV breakdown, and its function awaits further examination.
Ionomycin has been used to determine the size of intracellular calcium stores in mouse oocytes, and it was determined that a 3-fold increase in the size of intracellular cal- cium stores occurs as the oocyte develops from the GV to the M II stage [34] . Using the same concentration of ionomycin as that used in the mouse, no increase in the amount of calcium released at 12 hpm and 24 hpm was observed, compared to 0 hpm oocytes (Fig. 3 , E and F). All these data together indicate a model that explains the dynamic changes in intracellular calcium release by ryanodine, IP3, and ionomycin during maturation of bovine oocytes (Fig. 5) . We propose, based on these data as well as other data previously reported [20] , that IP3 and ryanodine receptors are located in the same intracellular stores. The size of the [Ca 2 ]i stores and the density of IP3R remain constant, while density of RyR increases as maturation progresses.
RyR Is Involved in Bovine Oocyte Activation
Fertilization induces intracellular calcium release by activating intracellular calcium receptors (RyR and IP3R). It is accompanied by a significant decrease in the RyR as determined by binding of antibody to type II RyR. However, this decrease can be either the direct effect of activating the RyR (Fig. 4A) or simply one of the consequences of CG release (Fig. 4B) stimulated by an elevated intracellular calcium concentration. The increase in free [Ca 2 +]i could originate from activation of the IP3R and does not necessarily involve the RyR. At this point, we are unable to identify which of the two possibilities, or whether both, may result in a decrease of RyR signal at fertilization. It is reasonable to suggest that the RyR is involved at fertilization, particularly considering that injection of ryanodine induced 54% cleavage in oocytes as early as 20 h postinjection (Table 1) at a development rate comparable to IP3-induced activation and normal in vitro fertilization (IVF). This strongly suggests that bovine oocytes contain a fully functional RyR controlled [Ca 2 +]i store, which, upon stimulation, induces activation of bovine oocytes and leads to parthenogenic development. It will be very useful to further evaluate other early events of activation that can be induced by ryanodine.
The lack of specific antibody that can inhibit the function of IP3R and RyR prevents us from further pursuing the function of RyR during fertilization. However, three recent reports have focused on the mechanism of induction of cal- A type II RyR is uniformly localized to the cortical layer in mature bovine oocytes as determined by using a rabbit antibody against type II RyR in conjunction with laser scanning confocal microscopy. The RyR signal exhibited a gradual increase during maturation of bovine oocytes, and a correlation between this and the ability of ryanodine to induce an increase in free intracellular calcium was established. Our data also indicated a constitutively active IP3R and relatively constant size of the intracellular calcium stores throughout the maturation process. Fertilization and activation of bovine oocytes with ryanodine and ionomycin greatly decreased the RyR signal detected by antibody. In addition, injection of mature bovine oocytes with 200 iLM ryanodine induced cleavage of oocytes. We conclude that RyR is developmentally regulated and is a fully functional receptor present in mature bovine oocytes; a possible role at bovine oocyte activation is suggested.
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